utes to inhibition of salivary secretion. However, the role of steroids in salivary secretion remains to be clarified. Steroids may be involved in inhibitory regulation of GABA A -R in the salivary gland. The steroidogenesis in peripheral tissues is activated with anxiety that is induced by methamphetamine (METH)-withdrawal stress. In this study, we focused on the activity of steroids as endogenous inhibitory factors in salivary secretion with exposure to METH-withdrawal stress in rats. We investigated expression of PRG synthetase CYP11A1 in the salivary gland and the effects of steroids on salivary secretion using submandibular gland (SMG) perfusion of rats.
Materials and Methods

Animals
Male Wister strain rats weighing 200 -250 g each were purchased from Japan SLC, Inc. (Hamamatsu). All animals were housed at a constant room temperature (23 ± 2°C) and humidity (55 ± 5%) under a 12-h light cycle (6:00 am -6:00 pm) and maintained on commercial laboratory chow and tap water for one week before the experiments. The treatment of animals was performed in accordance with of the guidelines for the use of laboratory animals of The Japanese Pharmacological Society and Tokyo Dental College.
Materials
PRG, PRG-S, carbamylcholine chloride (CCh), and N- [2-hydroxyethyl] piperazine-N′- [2- ethanesulfonic acid] (HEPES) were purchased from Sigma, St. Louis, MO, USA. Hanks' balanced salt solution (HBSS) was obtained from Gibco BRL, Grand Island, NY, USA. Dimethyl sulfoxide (DMSO) was obtained from Nacalai Tesque, Kyoto. Methamphetamine hydrochloride was supplied by Dainippon Sumitomo Pharma, Osaka. All other reagents used were of the highest grade commercially available. Steroids were dissolved in DMSO. CCh and GABA A -R-related agents were dissolved in distilled water. METH was dissolved in physiological saline. HBSS containing 1.27 mM CaCl 2 , 0.81 mM MgSO 4 , and 30 mM HEPES, pH 7.4 (HBSS-H) was used.
Perfusion of rat SMG
The rats were anesthetized with pentobarbital sodium (50 mg/kg) and secured in the supine position. A tracheal tube was then inserted to support respiration. The submandibular artery was isolated and a 29-G needle with a round tip inserted through a small incision. The artery was then perfused with HBSS-H at 0.5 ml/min using the Perista mini-pump SJ-1220 (ATTO, Tokyo). CCh, a muscarinic agonist and salivary stimulant, was administered over a 5-min period every 30 min during perfusion.
Pretreatment with steroids and other agents was carried out 5 min before CCh stimulation.
Saliva secretion
To collect saliva, the capillary end of a polyethylene tube (Imamura, Tokyo) was inserted 3 mm into the submandibular duct toward the glandular body. CCh-stimulated saliva was collected into microtubes (0.5 ml) and net weight determined. These results were represented by volume (μl) calculated using gravity at 1.0. To correct for individual differences, these data were expressed as a percentage of secretion induced by CCh alone in each animal.
Preparation of METH withdrawal-stress rat
The METH withdrawal-stress rats were prepared using the procedure of Tsuchiya et al. with modification (22) . The rats were injected twice daily with 1 mg/kg METH over a period of 2 weeks. One week after termination of administration, the parotid glands (PG), SMG, the sublingual glands (SLG), and CX were removed after cardiac puncture under ether anesthesia. Control groups were treated with physiological saline.
Extraction of total RNA and real time quantitative RT-PCR
Total RNA was extracted using the procedure of Tamaki et al. with modification. Cellular RNA was isolated with the NucleoSpin ® RNA II (Macherey-Nagel, Düren, Germany). Total RNA was reverse-transcribed using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). The primers used were as follows: CYP11A1 (accession number: NM_017286.2) (Left: 5′-CAAAACACCACGCACTTCC-3′, Right: 5′-TCAAT TCTGAAGTTTTCCAGCA-3′) and β-actin (Left: 5′-GG AGATTACTGCCCTGGCTCCTA-3′, Right: 5′-GACT CATCGTACTCCTGCTTGCTG-3′) for the housekeeping gene. cDNA was amplified by real time quantitative RT-PCR using the DyNAmo TM HS SYBER green qPCR Kit (Finnzymes, Espoo, Finland) on the DNA Engine Opticon 3 System (Bio-Rad Laboratories, Hercules, CA, USA). All samples were quantified by the comparative cycle threshold method for relative quantification of gene expression. Polymerase chain reaction was conducted over 35 cycles according to the following protocol: 2-min pre-denaturation at 96°C, 30-s denaturation at 94°C, 30 s at 60°C, followed by a 30-s extension at 79°C. Data were expressed as the ratio of CYP11A1 mRNA to β-actin mRNA.
The PCR products were separated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), which utilizes chip-based nucleic acid separation technology. Ten-fold serial dilutions of cDNA were used to construct a standard curve from 10 6 to 10 1 copies. The standard curve was generated from threshold values, and linear regression analysis provided a straight-line plot, which indicated our system was able to accurately quantify CYP11A1 mRNA. Melting curve analysis also revealed that the CYP11A1-specific primer pair amplified a single predominant product at a melting temperature of 83.5°C.
Western blot analysis of CYP11A1
Cx, PG, SMG, and SLG were homogenized with RIPA Buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholateNa, 0.1% SDS, and 50 mM Tris-HCl, pH 8.0) containing complete mini protease inhibitor cocktail tablets (Roche Diagnostics, Mannheim, Germany) and incubated for 30 min on ice. After centrifuging at 14,000 × g for 15 min at 4°C, the resulting supernatants were boiled in SDSpolyacrylamide gel electrophoresis (PAGE) sample buffer for 10 min at 70°C. The proteins were subjected to SDS-PAGE using 12% NuPage Bis-Tris gels with MES Running Buffer (Invitrogen, San Diego, CA, USA). After electrophoretic transfer onto a PVDF membrane (Hybond TM -LFP; GE-Helthcare, Buckinghamshire, UK) at 25 V for 2.5 h, membranes were blotted with anti-CYP11A1 or anti-β-actin serum, and the antigen-antibody complexes detected with horseradish peroxidase-conjugated goat anti-rabbit IgG or mouse anti-rabbit IgG, respectively. Semiquantitative analysis was performed at 5 different densities of Western blot using NIH image. β-Actin served as an internal control.
Statistical analysis
The data are expressed as the mean ± S.E.M. Significant differences between two groups were determined with the t-test in the case of equal and unequal variance. In the experiment on functional recovery achieved with MUS, PRG, and PRG-S, significant differences were analyzed with the Dunnett test. A P-value of less than 0.05 was considered to be statistically significant.
Results
Effects of steroids and GABA A -R agonists on CChinduced salivary secretion in rat SMG
PRG or MUS showed dose-dependent inhibition of CCh-induced salivary secretion (Fig. 1) . The maximum decrease was obtained with 10 −5 M MUS and 10 −6 M PRG, with an inhibition-ratio of 32% and 27%, respectively. However, PRG-S had little effect on CCh-induced secretion activity.
Blocking effects of GABA A -R antagonists on inhibition of CCh-induced salivary secretion by MUS or PRG
BIC blocked inhibitory response to MUS or PRG. The inhibitory effects of MUS and PRG were significantly restored from 76.3% and 73% to 94.6% and 83.2% of that with CCh alone, respectively (Fig. 2) . The effect of MUS was completely blocked by BIC. However, complete blockade of the effect of PRG was not observed with BIC. Figure 3 shows the effects of PRG or PRG-S on inhibition of CCh-induced salivary secretion by MUS. A total of 10 −6 M CCh was loaded over 5-min intervals every 30 min. Then, 10 −6 M MUS with or without 5 × 10 −7 M PRG or 5 × 10 −7 M PRG-S was administered over a 5-min period before CCh administration. Saliva was collected every 5 min, net weight determined (Fig. 3a) and expressed as the rate (%) to CCh-induced secretion (Fig.  3b) . The inhibitory effects of MUS were enhanced by PRG from 83.7% to 69.7%. However, inhibition recovered to 93.5% by PRG-S. 
Effects of steroids on inhibition of CCh-induced salivary secretion by MUS
Expression of CYP11A1 mRNA in the salivary gland and Cx using real time quantitative RT-PCR
CYP11A1 mRNA expression in the rat salivary gland was determined by real time quantitative RT-PCR (Fig.  4) . CYP11A1 mRNA was expressed in Cx and the salivary gland. CYP11A1 mRNA levels in Cx, PG, SMG, and SLG were 9.4, 0.26, 0.15, and 0.12 (copies / 10 3 β-actin copies), respectively. However, these levels were lower than the levels of CYP11A1 mRNA (542.8 copies / 10 3 β-actin copies) expressed in AG (data not shown). CYP11A1 mRNA levels in each tissue were significantly increased by METH-withdrawal stress. METH-withdrawal stress increased CYP11A1 mRNA levels to 2.4-, 25.2-, 16.9-, and 3.4-fold those in the control group in Cx, PG, SMG, and SLG, respectively.
Expression of CYP11A1 in the salivary glands and Cx using Western blot analysis
Expression of CYP11A1 protein was assessed by Western blot analysis. Bands indicating CYP11A1 (50 kD) and β-actin (42 kD) in AG, Cx, PG, SMG, SLG in METH withdrawal-stress rats and control rats are shown in Fig. 5a . Semiquantitative analysis was performed according to the density of the CYP11A1 bands and normalized to the density of the β-actin bands (Fig. 5b) . The relative amounts of CYP11A1 protein in Cx and in PG, SMG, and SLG were 0.02 and 0.022, 0.012, and 0.013 respectively. In contrast, there was a very high level of CYP11A1 protein in AG (0.222: data not shown). Following METH-withdrawal stress, production of CYP11A1 protein in Cx and in PG, SMG, and SLG significantly increased to 1.6 -3.5-fold that in the control group: Cx, 1.9-fold increase; PG, 2.3-fold increase; SMG, 3.5-fold increase; and SLG, 1.6-fold increase. 
Discussion
The results of this study strongly indicate that biosynthesis of steroids takes place in the salivary gland and suggest that steroids directly regulate salivary secretion through GABA A -R.
In the first study on steroid binding sites in the CNS, Enna et al. reported that GABA A -R binding was altered by bilateral adrenalectomy in the midbrain (23) . López et al. reported that progesterone and related pregnanes enhanced [ 3 H]MUS binding to brain synaptic membrane (24) . In addition, steroids altered GABA A -R function, including in relation to Cl − uptake and currents (25) . Steroids were bound specifically to the δ (5) or α subunits (6) in GABA A -R and enhanced or inhibited GABA A -R function. In an earlier study, we showed that inhibitory mechanisms operated in the salivary gland via GABA A -R, as well as in the CNS (18) . However, the effect of steroids on salivary secretion and the binding sites of steroids remain to be clarified.
In this study, we used a perfused SMG model in the rat, the SMG being innervated by the autonomic nerve system. There were two reasons for this: first, PRG acts as an allosteric agonist of GABA A -R and enhances its function (2 -4) ; second, as we previously reported, when both sympathetic and parasympathetic nerves were denervated, the immunoreactivities of GABA and glutamate decarboxylase were dramatically depressed in SMG (26) .
In this study, PRG and MUS inhibited CCh-induced salivary secretion in a dose-dependent manner, while PRG-S did not affect salivary secretion (Fig. 1) . Antagonistic BIC of GABA A -R blocked the effects of PRG or Fig. 2) . In addition, the inhibitory effects of MUS were enhanced by PRG (Fig. 3) . These findings support earlier findings from brain research on the relationship between GABA A -R and neurosteroids (2 -4), which strongly suggests that there are steroid binding sites on GABA A -R in the salivary gland, as well as in the CNS, and that steroids directly inhibit salivary secretion. However, PRG may act on not only GABA A -R in the salivary gland, as BIC did not completely block the inhibitory effects of PRG. Some studies have suggested that organs such as the brain (7 -10), gonad gland (27) , retina (28) , lung (29) , kidney (30) , and pancreas (31) are capable of self-supplying a small amount of steroids. These steroids are believed to be intermediate products on the way to the final metabolite in the steroidal production process and to be involved in physiological control of cellular function. These organs exhibit steroid synthetase activity, including that of CYP11A1, a key enzyme in the biosynthesis of PRG. Furthermore, PRG, a major neurosteroid in the CNS, is involved in the synthesis of other neurosteroids from cholesterol. In this study, our purpose was to determine whether CYP11A1 was found in the salivary gland, as well as in the CNS and other organs. For this purpose, quantitative RT-PCR is the most sensitive and readily available method of demonstrating protein production. In order to precisely determine the signaling pathways of CYP11A1 and the housekeeping gene β-actin mRNA as an internal standard, it is vital to draw a standard curve for each experiment using identical cDNA produced from the genes of both proteins. By this procedure, errors and spread in deviation in most of the data were limited to within 20%. Our data showing that CYP11A1 mRNA was expressed in Cx (Fig. 4) agree with the findings of earlier studies on the CNS. However, the CYP11A1 gene was only very slightly expressed in PG, SMG, and SLG. Therefore, we tried to increase expression of CYP11A1 mRNA in the salivary gland by means of METH-withdrawal stress. Stress such as anxiety activates the hypothalamic-pituitary-adrenocortical axis and steroidogenesis. Adrenocorticotropic hormone (ACTH) caused an increase in the activity and mRNA levels of steroidogenic enzymes such as 17-hydroxylase and 17,20-lyase (P45017a), 3β-hydroxysteroid dehydrogenase 4-one-5-one-isomerase (3β-HSD), and cholesterol side-chain cleavage enzyme (P450scc: CYP11A1) (32) . METH is a commonly used recreational drug that can cause dependence and withdrawal syndromes such as anxiety (33) . Activation of steroidogenesis via ACTH may take place not only in AG, but also in the salivary gland. In this study, expression of CYP11A1 mRNA was increased by METH-withdrawal stress in the salivary gland (Fig. 4) . These data are in agreement with the data on CYP11A1 protein expression by Western blotting (Fig. 5) . These results indicate that steroidogenesis occurs in the salivary gland. However, 3β-HSD and CYP17a, steroidogenic enzymes other than CYP11A1, were not detected by RT-PCR or Western blotting (data not shown). PRG is the only convincing candidate for steroid production in the salivary gland. In this study, we used METH as the easiest means of inducing withdrawal stress to increase steroid production in each type of the salivary gland. The results indicate that METH-withdrawal stress activates steroid biosynthesis in the salivary gland and that steroids inhibit salivary secretion through GABA A -R. These findings confirm that steroid biosynthesis occurs in the salivary gland and that this is involved in the inhibitory regulation of salivary secretion in cooperation with GABA A -R. Further investigation is needed to determine the pathophysiological significance of the biosynthesis of neurosteroids and their mechanisms of action via nuclear and membrane receptors.
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